Abstract: Hypoxia-induced pulmonary hypertension, which is characterized by vascular remodeling of blood vessels, is an important complication in COPD. In this study, we found that the expression of miR-214 was differentially expressed by screening 13 candidate miRNAs in pulmonary artery smooth muscle cells (PASMCs). Additionally, using luciferase assay in PASMCs, we found that phosphatase-and-tensin homolog (PTEN) was a target of miR-214. Furthermore, the expression of PTEN was found to be substantially downregulated in PASMCs from COPD patients with pulmonary hypertension (PH) compared with normal controls by using real-time polymerase chain reaction (PCR), immunohistochemistry, and Western blot. In addition, we transfected PASMCs with miR-214 mimics, using real-time PCR and Western blotting, to confirm the miRNA/mRNA relationship. Furthermore, the introduction of miR-214 significantly promoted the proliferation of PASMCs by suppressing apoptosis of the cells, which was mediated by the downregulation of PTEN. Exposure to hypoxia significantly increased the expression of miR-214 and decreased the expression of PTEN in PASMCs, and its proliferation was significantly promoted. Such effects could be significantly attenuated by the introduction of miR-214 inhibitors, which significantly downregulated miR-214 expression and upregulated the expression of PTEN. In conclusion, hypoxia-induced upregulation of miR-214 was found to promote PH development by targeting PTEN in PASMCs, and miR-214 could be a promising diagnostic tool and novel therapeutic target in the management of hypoxia-induced PH in COPD.
Introduction
Pulmonary hypertension (PH) is a vascular disease of the lung characterized by the mean pulmonary arterial pressure reaching one-quarter of the systemic blood pressure. Stiffening or constriction of the pulmonary arteries that deliver blood to the lungs leads to PH. 1 PH may result from thromboembolism, hypoxia caused by vascular or pulmonary parenchymal disease, heart failure, or a combination of these factors. 2 Hypoxia exposure accelerates the remodeling of vessels, one of the pathological characteristics of PH, resulting in the development of vascular occlusion and neointimal formation. 1 As a result, pumping blood from the heart forward into the lungs becomes increasingly difficult, and this leads to the enlargement of the right heart. The mechanisms underlying the progression and development remain largely unknown, and, if identified, it is possible that key therapeutic targets will be provided. [3] [4] [5] Two mechanisms, vasoconstriction and the subsequent remodeling of medium-and small-sized pulmonary arteries, serve as hallmarks of advanced and severe PH and have been believed to contribute to PH. 6 Abnormal proliferation and hypertrophy of Lately, more attention has been focused on the dysfunction in the development of remodeling and hypoxic vasoconstriction in the context of microRNAs (miRNAs). Differential expression of miRNAs has been reported to participate in the peculiarly enhanced PASMC proliferation, and thus, it has been involved in the remodeling of vessels. 9 Consequently, more attention is being paid to identify the miRNAs and their target genes, which are related to the pathogenesis of PH.
miRNAs, a group of small noncoding RNAs consisting of 18-25 nt, could bind to the 3′-untranslated region (3′-UTR) of mRNAs in order to negatively regulate the expression of target genes. This would lead to degradation or translational repression. 10 Dysregulation of miRNAs has been shown to be functionally involved in the control of various biological processes, including proliferation, differentiation, apoptosis, and cell cycle progression. 11 In recent years, a growing body of evidence is indicating that these molecules play substantial and important roles in the molecular mechanism underlying the physiological and pathophysiological adaptations to hypoxia. Among these miRNAs, those whose expression is dynamically regulated by hypoxia are called "hypoxamiRs", 12 and the upregulation or downregulation of the hypoxamiRs is implicated to be involved in the pathogenesis of the development of hypoxia-induced PH, an important complication in COPD patients, by suppressing the target gene expression or releasing physiologically inhibited expression of certain genes. 13 In order to explore the role of candidate miRNAs in hypoxia-induced PH, we performed quantitative real-timepolymerase chain reaction (PCR)-based screening for differentially expressed miRNAs, and identified miR-214 as the only significantly upregulated miRNA in the PASMCs harvested from COPD patients with PH. The objective of the present study was to determine whether differentially expressed miR-214 is responsible for the abnormally enhanced proliferation of PASMCs, as well as the underlying molecular mechanism.
Patients and methods

Patient samples
The participants in the study included patients with COPD and PH (N=18) and control subjects (N=15). Both groups received a pneumonectomy for a lung tumor (resection of lung) in Xijing Hospital, Fourth Military Medical University. Lung tissue samples were collected from normal-appearing areas of the pulmonary parenchyma (at least 2 cm from the tumor and free from pleura or large airways). The clinicopathological information relating to each patient in the two groups is displayed in Table 1 . All patients were in stable medical condition, and they had not received medical attention and/or any change in their regular therapy in the period 3 months prior to their enrollment. This study was conducted according to the Declaration of Helsinki Protocols after it was approved by the research ethics committee of Fourth Military Medical University. Written and informed consents were obtained from all participants prior to the study.
Tissue preparation and smooth muscle cell isolation
Segments of the pulmonary artery (50-500 µm external diameter) from the participants were incubated in Hanks' solution containing collagenase (1.5 mg/mL) for 30 minutes. Next, the layers of adventitia and endothelium were stripped off, the smooth muscle was then digested by elastase (0.5 mg/mL) and collagenase (2.0 mg/mL), and the isolated smooth muscle cells were cultured in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 mg/mL) (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C. The cells at passages 3-8 were used for experiments.
hypoxia treatment of PasMCs
PASMCs were exposed to hypoxia at 37°C in 1% O 2 , 5% CO 2 , and 94% N 2 atmosphere for a period of 24 hours.
Western blotting
Proteins were extracted from the transfected cells using a lysis buffer (Upstate Biotechnology, Lake Placid, NY, USA). The protein level was determined using protein assay reagents following the standard protocols (Bio-Rad 
rna isolation and real-time PCr
Total RNA was isolated from sample tissues or cell lines using the miRNeasy Mini Kit (Qiagen NV, Venlo, the Netherlands). Ten microliters of the reaction mixture, including 1 µg of total RNA, 1 µL of 10× reaction buffer, 1 µL of 10 mM ATP, and 1 unit of Poly(A) polymerase, was incubated at 37°C for 30 minutes, followed by enzyme inactivation at 65°C for 5 minutes. After polyadenylation, reverse transcription was performed in 10 µL of the reaction mixture containing 1 µL of the polyadenylation reaction product, 1 µL of 0.5 µM RT primer, 0.5 µL of 10 mM dNTP, 1 µL of RT 10× reaction buffer, and 50 units of high-performance RT (Epicentre). The reaction mixture was incubated at 42°C for 60 minutes, and then terminated by heating at 85°C for 5 minutes. qPCR was performed with the MESA Green qPCR Master Mix Kit for SYBR Green (Eurogentic GmbH, Köln, Germany). In addition, qPCR reactions were performed on a CFX96 real-time PCR system (Bio-Rad Laboratories). In brief, we started with a 5-minute denaturation at 94°C followed by 40 cycles of 15 seconds at 95°C, and then 60 seconds at 60°C and, finally, 5 minutes at 72°C. Target gene expression was normalized to that of U6 and β-actin. Relative expression was calculated using the 2−∆∆Ct method.
luciferase assay
The 3′-UTR sequence of PTEN and SMAD4 was amplified and subcloned into the pmirGLO luciferase reporter vector (Promega Corporation, Fitchburg, WI, USA). In addition, the predicted binding sequences were mutated by using the sitedirected mutagenesis kit (Stratagene, La Jolla, CA, USA). Cells (3.5×10 4 ) were seeded in 24-well plates and cotransfected with wild-type or mutant 3′-UTR vectors and miR-214 mimics or scramble controlled using Lipofectamine 2000 (Thermo Fisher Scientific). After 48 hours, the firefly and Renilla luciferase activities were measured using the DualLuciferase Reporter Assay System (Promega Corporation) according to the manufacturer's instructions. The firefly luciferase activities were normalized to the Renilla luciferase activity. All experiments were performed in triplicate.
Cell counting
The same amount of differently treated miR-214 cells was plated in six-well plates (5,000 cells per well) in SmGM-2, and adherent cells (viable cells) were detached by treatment with trypsin. Following this, they were counted using the TC10 automated cell counter (Bio-Rad Laboratories). All experiments were performed in triplicate.
BrdU incorporation assays
BrdU was added 2 hours prior to culture termination. At the end of culture, cells were immunoblocked with goat serum and incubated overnight at 4°C with the anti-BrdU antibody. Subsequently, they were incubated for 60 minutes with biotinylated Goat anti-Mouse IgG (1:200) and stained with DAB. The percentage of stained cells was determined by counting the number of positively stained cells within the microscopic vision field; this value was then divided by the total number of cells in the same field.
sMC culture and transfection
The human PASMCs (hPASMCs) used in this study were maintained in the SMC basal medium complemented with growth factors (including hEGF 0.5 mL, Insulin 0.5 mL, hFGF-B 1 mL, FBS 10 mL, GA-1000 0.5 mL, 10 U/mL penicillin, and 1 mg/mL streptomycin). This was done at 37°C in a humidified atmosphere with 5% CO 2 . Cells were trypsinized and passaged at 95% confluence, and the studies were performed on cells at passages 4-6 and 60%-90% confluence. The cells were exposed to 1% hypoxia for 48 hours, and cells of the same passage were exposed to 20% oxygen (normoxia) for the same time periods that were used for controls. Cell counting, protein analysis, and ubiquitination assays were performed using these cells. Cell counting was performed using the Nucleo-Counter (New Brunswick Scientific). 
Immunohistochemistry
All immunohistochemical experiments were performed on paraffin-embedded serial slides. Briefly, sample slides were deparaffinized and rehydrated and submerged into the EDTA antigenic retrieval buffer (pH 8.0) and microwaved for antigenic retrieval. After being blocked by normal goat serum for 30 minutes, the slides were incubated with the primary antibody (anti-TrkB, anti-BDNF, anti-NT-4/5, and anti-Egr-1; all from Santa Cruz Biotechnology Inc. [Dallas, TX, USA] 1:100 diluted in ChemMate antibody diluent, Dako Denmark A/S [Glostrup, Denmark]) for 18 hours. Subsequently, slides were washed with Tris-buffered saline (pH 7.4-7.6) and incubated for 45 minutes with the corresponding secondary antibodies conjugated with alkaline phosphatase (Rockland, Gilbertsville, PA, USA) at 1:250 dilution. Negative controls were prepared with the omission of the primary antibody.
statistical analysis
The data are expressed as mean ± SE (standard error) using the StatView software. Statistical comparisons between the two groups were performed by the unpaired Student's t-test. Comparisons among $3 groups were performed with one-way, two-way, or three-way ANOVA without repeated measures, as appropriate. Comparisons among $3 groups were carried out with one-way ANOVA followed by Dunnett's post hoc test. Comparisons among $3 groups were performed with twoor three-way ANOVA followed by a stratified independent t-test with Bonferroni corrections for multiple comparisons. Statistical significance was defined as P#0.05.
Results
Dysregulation of mir-214 in the COPD patients with Ph
In order to identify the differentially expressed miRNAs between hPASMCs from COPD patients with PH and normal controls, we detected the expression levels of 13 candidate miRs, which, evidence suggested, were associated with hypoxia. As shown in Figure 1 , only Figure 1 real-time-based screening was used to identify the differential expression of mirna among those that have been previously reported to be functionally associated with hypoxia exposure. Notes: We found that miR-214 was the only differentially expressed miRNA, and its expression was significantly upregulated in PASMCs (**P,0.05 compared to scramble controls). Abbreviations: PasMC, pulmonary artery smooth muscle cell; Ph, pulmonary hypertension. 
; all others were comparable. The clinicopathological data of the participants is described in Table 1 . No difference was noted between the cases and controls in relation to age, sex, height, weight, and body mass index. As expected from the recruitment criteria, the forced expiratory volume 1 in 1 second, diffusing capacity of lung for carbon monoxide, total lung capacity, and forced vital capacity were significantly lower in the case group than in the control group.
Mir-214 directly targets PTen
Using an online target prediction database (www.mirdb.org), we found that miR-214 was able to bind directly to the 3′UTR of two genes, PTEN and SMAD4. As shown in Figure 2 , we compared the seed sequences in the 3′UTR of PTEN and SMAD4 and mature miR-214, and, following this, separately cloned the full-length 3′UTR of both genes into the pcDNA3.0 vector downstream of a luciferase gene (labeled pcDNA3-PTEN-WT-3′UTR and pcDNA3-SMAD4-WT-3′UTR, respectively; Figure 2A and C). In addition, seed sequences within the predicted miR-214 target site were mutated in the constructs respectively (labeled as pcDNA3-PTENMut1-3′UTR and pcDNA3-SMAD4-Mut2-3′UTR; Figure  2A and C). We found that only the luciferase activity from the cells co-transfected with miR-214 mimics. Furthermore, wild-type PTEN 3′UTR was observed to decrease by ~50% ( Figure 2D ), and the others were comparable ( Figure 2B ). The results confirmed that wild-type PTEN was a validated target of miR-214 in hPASMCs.
The next step was to examine the mRNA and protein expression levels of PTEN and SMAD4 in hPASMCs from COPD patients with PH in addition to the controls. The results indicated that the mRNA and protein expression of PTEN was decreased in hPASMCs from COPD patients with PH ( Figure  3) , while the protein and mRNA expression of SMAD4 was comparable between the groups ( Figure 3A and B) . This suggested that miR-214 may be involved in the development of PH in COPD via targeting PTEN instead of SMAD4. In order to verify the results further, we performed immunohistochemistry and found that the expression of PTEN was significantly downregulated in remodeled arteries ( Figure 4A and B).
effects of hypoxia and alteration of mir-214 on the expression of PTen
We subsequently used real-time PCR and Western blotting in order to examine the effects that hypoxia and miR-214 mimics/ inhibitors have on the mRNA and protein levels of PTEN and AKT in hPASMCs. As shown in Figure 5 , the expression of PTEN of the cells exposed to hypoxia significantly decreased, while AKT was significantly increased in hPASMCs. At the Notes: The expression levels of PTen were determined in PasMCs exposed to normoxia and hypoxia by using Western blot (A). The expression levels of PTen were determined in PasMCs transfected with scramble controls, 100 nM anti-PTen sirna, 50 nM and 100 nM mir-214 mimics, and 100 nM anti-PTen sirna by using Western blot (B). The expression levels of PTen were determined in PasMCs exposed to hypoxia transfected with scramble controls or 100 nM anti-mir-214 inhibitors by using Western blot (C). level of mir-214 in cells transfected mimics (D) or inhibitor (E) was determined using real-time PCr. The expression levels of PTen were determined in PasMCs exposed to normoxia and hypoxia by using real-time PCr (F). The expression levels of PTen were determined in PasMCs transfected with scramble controls, 100 nM anti-PTen sirna, 50 nM and 100 nM mir-214 mimics, and 100 nM anti-PTen sirna by using real-time PCr (G). The expression levels of PTen were determined in PasMCs exposed to hypoxia transfected with scramble controls or 100 nM anti-mir-214 inhibitors by using real-time PCr (H). The expression levels of aKT were determined in PasMCs exposed to normoxia and hypoxia by using Western blot (I). The expression levels of aKT were determined in PasMCs transfected with scramble controls, 100 nM anti-PTen sirna, 50 nM and 100 nM mir-214 mimics, and 100 nM anti-PTen sirna by using Western blot (J). The expression levels of aKT were determined in PasMCs exposed to hypoxia transfected with scramble controls or 100 nM anti-mir-214 inhibitors by using Western blot (K). **P,0.05 compared to scramble controls. Abbreviations: PTen, phosphatase-and-tensin homolog; PasMC, pulmonary artery smooth muscle cell; PCr, polymerase chain reaction.
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liu et al same time, we found that anti-PTEN siRNA and miR-214 mimics (50 nM and 100 nM, respectively) could significantly downregulate the mRNA and protein expression of PTEN, while anti-PTEN siRNA had only a minimal effect on the expression of SMAD4 ( Figure 5) . Meanwhile, the expression of AKT of cells exposed to hypoxia significantly increased, while AKT was significantly increased in hPASMCs. At the same time, we found that anti-PTEN siRNA and miR-214 mimics (50 nM and 100 nM) could significantly upregulate the mRNA and protein expression of AKT ( Figure 5 ). Furthermore, anti-miR-214 inhibitors significantly enhanced the expression of PTEN in hPASMCs exposed to hypoxia, while they decreased the expression of AKT ( Figure 5 ).
Proliferation of PasMCs was suppressed by introduction of anti-mir-214
Proliferation of PASMCs is an essential part of vascular remodeling in PH, and so we transfected them with miR-214 mimics/ inhibitor as well as the target gene-specific siRNA. This was carried out in order to assess the effects on proliferation by cell count and BrdU assay. As shown in Figure 6A and B, when the cells were exposed to hypoxia, proliferation was significantly enhanced; when transfected with anti-PTEN siRNA or miR-214 mimics, the result was similar. However, it should be noted that the introduction of anti-miR-214 inhibitors partially but significantly prevented the abnormally enhanced proliferation of hPASMCs induced by hypoxia. Furthermore, caspase-3 activity was determined in order to explore the underlying molecular mechanism.
The results revealed that transfection of miR-214 mimics or anti-PTEN siRNA similarly inhibited apoptosis. The results also indicated that transfection of anti-miR-214 inhibitors significantly suppressed the proliferation of PASMCs by introducing apoptosis (Figure 6A and B) . Simultaneously, the expression level and activities of caspase 3 in PASMCs exposed to hypoxia or transfected with either miR-214 or anti-miR-214 mimics were measured. It was found that the protein levels and activities of caspase 3 were consistently downregulated in the cells that were exposed to hypoxia and transfected with miR-214 mimics. In addition, it was found that the hypoxic effect could be significantly attenuated by transfection with anti-miR-214 inhibitors ( Figure 7A and B) .
Discussion
Contemporary research into disease pathogenesis has revealed the fundamental role that miRNAs play. Distinct miRNA signatures in human diseases have been reported by many recent studies. [14] [15] [16] MiRNAs are believed to be related to remodeling and the process of failure and hypertrophy in the vasculature and the heart. 17 With reference to the lungs, a recent study highlighted the regulation of miRNAs after smoke inhalation injury. 18 In this study, we determined the expression levels of 13 candidate miRs that are reportedly associated with hypoxia, but only miR-214 was differentially expressed.
Several studies have focused on comprehensive investigations into the biological functions of miR-214. A study revealed that miR-214 has an increased expression level in many malignancies, including melanoma and cancer of the liver, stomach, breast, ovary, pancreas, and lungs. 20 A number of target genes of miR-214, such as TP53 21 and PTEN, 16 have been confirmed by experiments, primarily as a result of searching the TarBase. 22 Penna et al 23 noted an overexpression of miR-214 in cancer tissues and metastatic melanoma cell lines, and found that metastasis was promoted by regulating two transcription factors: AP-2α and AP-2γ. In addition, it was found that a number of oncogenes, including JNK1 and MEK3, could be suppressed by miR-214 as well. 24 Similarly, the complexity of miR-214 functioning in various diseases and tissue counts on different downstream signaling and targets provides a novel prospect for future investigations into the topic. In this study, we validated that PTEN was a direct target of miR-214 in hPASMCs by using in silico analysis and a luciferase reporter system. Furthermore, we demonstrated that the expression of PTEN of hypoxia tissues was significantly decreased in hPASMCs. Furthermore, it was shown that anti-PTEN siRNA and miR-214 mimics (50 nM and 100 nM, respectively) could significantly downregulate the mRNA and protein expression of PTEN, while anti-PTEN siRNA had only a minimal effect on the expression of SMAD4. MiR-214 is reportedly involved in the pathogenesis of PH in the patients with COPD. [25] [26] [27] It is interesting to note that miR-214 targets the epithelial growth factor receptor, an oncogene that promotes the proliferation of cells. However, in our study we found that miR-214 was upregulated in PH samples and that it targeted PTEN, a well-known tumor suppressor. PTEN induces apoptosis and suppresses the proliferation of human cells. Such discrepancy could be attributed to the high heterogeneity of the disease.
PTEN is located on chromosome 10, considered to be a tumor suppressor gene and, at first, is a multifunctional lipid phosphatase. 3 Active PTEN protein is involved in several cellular processes, including cell apoptosis, proliferation, migration, and survival. [28] [29] [30] Recent studies have found that PTEN plays a critical role in the pulmonary and cardiovascular systems. 31, 32 Activated PTEN participated in the regulation of cardiomyocyte survival and hypertrophy, as well as the survival and proliferation of PASMCs. 31, 32 The activated PTEN leads to the constitutive activation of Akt when vascular injury occurs, and this plays an early and critical role in the activation of pulmonary SMCs and neointimal formation. 33 Targeted deletion of PTEN in SMCs leads to PH and vascular remodeling. 4 In contrast, it has been confirmed that the survival and proliferation of vascular SMCs are inhibited by the stabilization and overexpression of PTEN in vivo and vitro. This has been shown to result in PH and neointimal hyperplasia. 3 The activation of PTEN targets the Akt pathway to regulate both survival genes and cell proliferation, which manipulate the progression of pulmonary and cardiovascular diseases. 31, 32 PTEN suppresses PI3K (phosphatidyl-inositol-3-kinase) and downstream functions such as cell proliferation, cell survival, and the activation of Akt in tumor cells with deletion or mutant-type PTEN. 34 However, the function of PTEN in PH, particularly in the field of survival-signaling pathways, the proliferation of PASMCs, and their related mechanisms, has not yet been entirely figured out. One plausible explanation is that factors accelerating the development of PH, including hypoxia or those related to the remodeling process, might directly downregulate PTEN expression. 35 The present study found that, when the cells were exposed to hypoxia, proliferation was significantly enhanced; when transfected with anti-PTEN siRNA or miR-214 mimics, the result was similar. At the same time, the introduction of anti-miR-214 inhibitors partially, but significantly, prevented the abnormally enhanced proliferation of hPASMCs induced by hypoxia. In addition, we also performed flow cytometry and Caspase-3 measurements to determine the apoptosis of differently treated PASMCs. We found that transfection of miR-214 mimics or anti-PTEN siRNA similarly inhibited apoptosis induced by incubation with H 2 O 2 . We were also able to conclude that transfection of anti-miR-214 inhibitors significantly suppressed the proliferation of PASMCs by introducing apoptosis.
Conclusion
We demonstrated that the aberrantly promoted proliferation of PASMCs induced by hypoxia was at least partially, but significantly, the result of the downregulation of PTEN. In turn, this was caused by the upregulation of miR-214 in response to hypoxia. It is expected that these findings will further our understanding of the underlying molecular mechanism of PH in patients with COPD, and they could serve to provide a possible therapeutic target for hypoxia induced PH.
